With this study, we aimed at elucidating the metabolic pathways of PSB str. Cad16 T in more 125 detail, to better understand the key metabolic mechanisms involved. The main objectives of 126 this study were: (i) to study differences between day and night in the metabolism of PSB str. 127 Cad16 T in situ at the chemocline of Lake Cadagno and (ii) to monitor the environmental 128 factors longitudinally that determine the metabolic activity of the chemocline community. We 129 used a combination of CO 2 assimilation analysis using 14 C-scintillation and proteomics using 130 label-free quantitation tandem mass spectrometry (LFQ-MS 2 ) to quantify metabolic activity 131 and the pathways involved in str. Cad16 T . Relative light intensity and temperature at the depth 132 of the chemocline were measured constantly and several CTD profiles were taken during the 133 incubation. The carbon assimilation rates and protein profiles obtained, thereby revealed a 134 mixotrophic metabolism of str. Cad16 T The in situ incubations were performed in Lake Cadagno between 13 July 2017 to 23 142 September 2017 with dialysis bags attached to a mooring (46°,33',05,1" N/8°,42',43,0" E, 143 max. depth 18 m) (suppl. Figure S 1b respectively (suppl. Figure S 1c ). An empirical conversion factor of Lux = 0.018 PAR and 0.016 154 PAR (µmol m -2 s -1 ) was used for the surface and below the water, respectively as in ref. [39] . 155
The passive HOBO logger values were analyzed after retrieval at the end of the experiment. 156
We additionally had access to CTD data from a parallel project form Dr. Oscar Sepúlveda 157 Steiner and colleagues from EAWAG (Dübendorf, Switzerland) where two CTD profiles 158 were taken daily. 159 Flow-cytometry based cell counting was performed as in Danza and colleagues [40] . In short, 163 phototrophic bacteria were identified using 50 µl sub-samples in triplicates with a BD Accuri 164 C6 cytometer (Becton Dickinson, San José, CA, USA). A forward scatter threshold of FSC-H 165 10'000 was applied to exclude abiotic particles. A second red fluorescent (FL3-A) threshold 166 above 1'100 was applied to select for cells emitting autofluorescence due to Chl and BChl. 167 The flow rate was set to 66 μl min -1 . The biovolume was calculated for strain Cad16 T assuming a median diameter of 2 µm (range; 172 1.4-2.4 µm) for a spherical cell. Biomass was estimated using the conversion factor 173 determined for Lake Cadagno PSB strains 4.5 fmol C m -3 [33] . 174 175 3.4. Estimates of Carbon Uptake Rates 176 177
We took the estimate from Camacho et al. [30] that half of the carbon is fixed through 178 oxygenic and anoxygenic photosynthesis, respectively. Musat and colleagues estimated 179 anoxygenic carbon assimilation for PSB C. okenii and GSB C. clathratiforme to be 70% and 180 15% of the total daily CO 2 assimilation, respectively [33] . We therefore calculated the uptake 181 rates for the three populations as follows (Eq. 1) where A day is the total uptake rate per cell of 182 the phototrophic community and F the fraction as estimated in [ Str. Cad16 T was isolated in 2003 [41] and was subsequently grown in pure culture on 189 Autotrophic Pfennig's medium II [42] at the Laboratory of Applied Microbiology in 190
Bellinzona, Switzerland (LMA) (Figure S 1a) . The medium contained 0.25 g of KH 2 PO 4 l -1 , 0.34 191 g of NH 4 Cl l -1 , 0.5 g of MgSO 4 ‧7H 2 O l -1 , 0.25 g of CaCl 2 ‧H 2 O l -1 , 0.34 g of KCl L -1 , 1.5 g of 192 NaHCO 3 l -1 , 0.02 mg of vitamin B12 l -1 and 0.5 ml of trace element solution SL12 l -1 . The 193 medium was autoclaved under a 80% N 2 / 20% CO 2 atmosphere [43] and 1.1 mM Na 2 S‧9H 2 O 194 was added aseptically. The pH was adjusted to 7.0. Cultures were grown in 500 ml glass 195 bottles at ambient temperature and under a 12/12 h light/dark-regime with a 60 W 196 incandescent lamp (6 µ mol quanta m -1 s -1 ). Cells were grown up to a concentration of around 197 3 × 10 6 cells ml -1 . Cell concentrations repeatedly were measured by flow cytometry. 198 199 Cellulose dialysis bags with a 14 kDa cutoff (D9777-100FT, Sigma-Aldrich, Buchs, CH) 200 were rinsed for 1.5 h in Na 2 CO 3 (40 g l -1 ) and 0.01 M EDTA at 60 °C wile stirring. The bags 201 were cleaned with ddH 2 O, cut into 0.6 m long pieces, closed by a knot on one end and 202 autoclaved for 20 min at 121 °C. On site, about 80 ml of bacteria culture were filled randomly 203 in each bag, which was closed, attached to a rig and installed in the chemocline within 30 min 204 (suppl. Figure S 1b Subsamples were transferred to 50 ml tubes upon retrieval and stored at 4 °C in the dark. 233
They were then brought to the lab within 30 min and centrifuged 10'000 g at 4 °C for 10 min. 234
The supernatant was discarded and the pellets were re-suspended in 1× PBS pH 7.0 and 1% 235 Rheinach, Switzerland). The peptides were eluted at a flow rate of 300 nl min -1 by a gradient 263 from 5 to 22% B in 79 min, 32% B in 11 min and 95% B in 10 min. Samples were acquired in 264 a randomized order. The mass spectrometer was operated in data-dependent mode (DDA), 265 acquiring a full-scan MS spectra (300−1'700 m/z) at a resolution of 70'000 at 200 m/z after 266 accumulation to a target value of 3'000'000, followed by HCD (higher-energy collision 267 dissociation) fragmentation on the twelve most intense signals per cycle. HCD spectra were 268 acquired at a resolution of 35'000, using a normalized collision energy of 25 a. u. and a 269 maximum injection time of 120 ms. The automatic gain control (AGC) was set to 50'000 270 ions. Charge state screening was enabled and singly and unassigned charge states were 271 rejected. Only precursors with intensity above 8'300 were selected for MS 2 (2% underfill 272 ratio). Precursor masses previously selected for MS 2 measurement were excluded from further 273 selection for 30 s, and the exclusion window was set at 10 ppm. The samples were acquired accepted if they could be established at greater than 54.0% probability to achieve an FDR less 303 than 1.0% and contained at least two identified peptides. Protein probabilities were assigned 304 by the Prophet algorithm [48] . Proteins that contained similar peptides and could not be 305 differentiated based on MS 2 analysis alone were grouped to satisfy the principles of 306 parsimony. Proteins sharing significant peptide evidence were grouped into clusters. For the 307 two-group analysis the statistical testing was performed using (paired) t-test on transformed 308 protein intensities (hyperbolic arcsine transformation). Proteins were called significantly 309 differentially expressed if linear fold-change exceeded 2-fold and the q-value from the t-test 310 was below 0.01. 311
As an alternative method to find differentially expressed proteins, we used the correlation 312 Fluctuations in light intensity were positively correlated with the predicted surface radiation 337 and negatively associated with cloud cover, respectively (suppl. Figure S3 a) . Daily relative 338 average surface light intensity at 12:00 pm was 1'448.9 µmol quanta m -2 s -1 (4.3-3'769.6) 339 (suppl. Figure S3 b ). The surface temperature was stable at an average of 15 °C. High temperatures 340 up to 40 °C were measured, due the solar heating of the logger casing (suppl. Figure S3 b ). The 341 accumulated sunlight were above average for the weeks observed from (suppl. Figure S4 ). From 342 13 July to 23 August 2017 at 12 m depth, an average of 3.7 µmol quanta m -2 s -1 (0.2-26.2) 343 -12-was measured. At 12.4 m depth, a mean of 1.3 µmol quanta m -2 s -1 (0.04-7.8) was registered 344 (suppl. Figure S3 c and d ). Within this period, changes of turbidity, oxygen and Chl-a profiles in the 345 daily CTD profiles indicated that the chemocline had been sinking from 12 to 13-14.5 m 346 depth (suppl. Figure S5 Water temperature was stable at 12 °C from the surface down to the thermocline at 9.5 m, 360
whereas it dropped to 5 °C at 16 m depth at both time points. Dissolved oxygen (DO) was 361 measured at 8.5 mg l -1 (265.6 µM) throughout the mixolimnion. From 7 m to 9.5 m depth, 362 DO-concentrations steadily declined to 6 mg l -1 , and then more rapidly to 2 mg l -1 at 10.5 m 363 depth, at both time points measured. At 14 m depth, 0.4 mg l -1 (12.5 µM) and 0.3 mg l -1 (9.4 364 µM) were measured during day and night, respectively. Conductivity increased along the 365 profile from 0.13 in the mixolimnion to 0.22 mS cm -1 hypolimnion, both at day and night. In 366 contrast, a pronounced turbidity peak (30 FTU) was observed at a depth of 13 m at 1:30 pm 367 whereas a broader distribution of the FTU values (6-16 FTU) from 13 to 14 m depth was 368 observed at 9:00 pm. Water samples taken at 1:30 pm from 14 m depth showed a milky and 369 pink coloration, characteristic for a concentrated PSB community. The total inorganic 370 dissolved carbon concentrations measured at 14 m depth were 1.26 mM at 2:00 pm and 1.46 371 mM 9:00 pm. Initial str. Cad16 T cell concentrations were on average 3.1 × 10 6 cells ml -1 in July, as measured 377 by flow cytometry (FCM). The rigged cultures were checked on 23 August 2017 and all 378 dialysis bags were found intact and cells were judged healthy due to the turbid-pinkish 379 appearance. When retrieved for sampling on 12 September 2017, all dialysis bags were still 380 intact, the population was uniformly distributed within the dialysis bags and the cells grew to 381 a mean concentration of 9.3 × 10 6 cells ml -1 . No significant difference in cell concentration 382 and internal complexity was measured between the two sampling groups (P = 0.74). In total, 383 the str. Cad16 T cultures grew 3-fold from July to September. 384
The average cell concentration in the lake sample taken at 14 m was 4.23 × 10 6 cells ml -1 at 385 1:30 pm, whereas it was 1.69 × 10 5 cells ml -1 at 9:00 pm. However, the later value has to be 386 questioned as the FCM count was below the values obtained for the 0.45 µm filtered lake 387 water of the 14 C background control despite that the measured turbidity values were similar 388 (4-5 FTU) at the two time points at 14 m sampling depth (Figure 1 ). FCM revealed that the 389 phototrophic microbial community at 1:30 pm (4.23 × 10 6 cells ml -1 ) consists mainly of C. 390 okenii, C. clathratiforme and cyanobacteria spp. with 1.48 × 10 6 cells ml -1 , 7.45 × 10 5 cells ml -391 1 Peptide identifications were accepted if they could be established at >42.0% probability to 424 achieve an FDR less than 0.1% with Scaffold delta-mass correction, resulting in 12'576 425 spectra included. Protein identifications were accepted if they could be established at >54.0% 426 probability to achieve an FDR less than 1.0% and contained at least two identified peptides. 427
The number of quantified proteins per condition was similar, with an average of 374 for "day" 428 and 354 for "night", respectively. Between 102 and 663 proteins were quantified in each 429 biological replicate (7.2-37% of all IDs). Consequently, 684 proteins were quantified over all 430 samples. Thereof, 21 contaminants were excluded. The remaining 663 CDS were classified 431 with blastKOALA and EggNOG, with 627 annotated CDS for (99%) COG and 460 annotated 432 CDS (69.4%) for blastKOALA, respectively. 433
434
As expected, many of the proteins with unchanged abundance belonged to the functional 435 categories energy conversion, genetic information processing, carbohydrate and amino 436 metabolism and protein modification ( Table 1) In a second step, we analyzed the proteome data for significant changes between growth 468 conditions. However, we found a large within-group variation and no proteins were 469 significantly differently expressed between the two growth conditions using (paired) corrected 470 t-test on transformed protein intensities (q.mod <0.01). The expression dataset was alternatively analyzed using correlation-adjusted t-scores (CAT 475 scores) in order to additionally address the correlative structure of the dataset as only 4.5% of 476 the proteins are differentially expressed. Thereby, 60 proteins were found differentially 477 expressed (1% of all coding CDS) at a local false discovery rate of lfdr<0.05. (Table 3) 478
During the 'day' period 21 CDS were found relatively more abundant for str. Cad16 T . 479
Thereof, all CDS were annotated with eggNOG ( Table 2) . Growing in the light, str. Cad16 T 480 over-expressed four proteins involved in oxidative phosphorylation that were subunits of 481 NADH:quinone oxidoreductase, cytochrome bc1 complex respiratory unit and AtpC subunit 482 of F-type ATPase. Two enzyme involved in the central carbon pathway were abundant, the 483 glycogen synthase GlgA and the glucose-6-phosphate isomerase GPI involved in glycolysis. 484
The enzyme acetolactate synthase I/III small subunit associated with thiamine synthesis and 485 the A 7,8-dihydroneopterin aldolase FolB involved in tetrahydrofolate biosynthesis were 486 additionally found. Also membrane transport systems were found, including the ABC-2 type 487 transport system and Twin-arginine translocation (Tat). Additionally, chaperone-type proteins 488
DnaJ and proteolytic ClpX were also over-expressed. 489
Under the condition 'night' 39 proteins were shown to be more abundant and thereof 35 490 entries (89%) were COG annotated ( Table 3) Whereas the monimolimnion has been typically described as anoxic [28], recurrent 530 blooms of oxygenic plankton [30, 57] and optode-based measurements of dissolved 531 oxygen has revealed micro-oxic conditions below 20 nM at the chemocline [60]. Our 532 study helps to understand the consequences of these conditions for the PSOB. 533
Carbon Uptake Rates

536
Measured chemocline CO 2 -fixation rates at both conditions were within the ranges 537 previously obtained for Lake Cadagno that were between 85 to 8'000 nM h -1 with light, 538 and between 27 to 7'608 nM h -1 in dark conditions, respectively (suppl. to the C-fixation that is 10-100 less than observed in the Baltic sea [63] . 551 552 For str. Cad16 T , the median uptake rate of 1'073.9 amol C cell -1 h -1 during the day was 553 within the range measured for other PSB (100-30'000 amol C cell -1 h -1 ) [33, 31], 554 however 10× lower compared to a previous in situ 14 C-assimilation study with strain 555 Cad16 T (around 12'000 amol C cell -1 h -1 ) [31]. In the former experiment, autotrophic 556 CO 2 assimilation rates of str. Cad16 T were additionally measured in vitro, with values 557 between 8'541.7-18'541.7 amol C cell -1 h -1 with light, and around 2'916.7 amol C cell -1 558 h -1 in the dark, respectively. For C-fixation at night, highly variable C-assimilation rates 559 in chemocline bulk samples were measured, ranging from 7-45% of the rates measured 560 with light [24]. Schanz and colleagues thereby found a positive correlation between 561 photosynthetically driven increase in overall biomass and dark fixation rates [24] . In our 562 study, the median dark fixation rate of 834.4 amol C cell -1 h -1 was significantly lower 563 than during the day, and again around 10× lower than measured by Storelli and 564 colleagues [31] . This overall discrepancy may be explained by the 10-fold lower light 565 availability that possibly reduced photosynthetic carbon assimilation and carbon storage 566 (see above). Furthermore the sampling times in our study were adapted to the natural 567 light-dark hours. This was in order to account for possible circadian effects, whereas in 568 the former study incubations were performed in parallel at daytime, using clear and 569 opaque sample bottles. 570
The differences between the study results may further be explained with the varied cell 571 counting methodologies. Fluorescent in situ-hybridization (FISH) was used to count 572 cells in the study of Storelli et al. [31] . Furthermore, we did not control for dead cells in 573 Consequently, the chemocline waters retained some of the produced oxygen through the 597 night (Figure 1) . Taken together, str. Cad16 T may have used the O 2 present as electron 598 acceptor during mixotrophic growth under both conditions. As a consequence, some of 599 the CO 2 assimilated might have been constantly respired with thiosulfate as electron 600 donor as found for T. roseopersicina str. M1 [15] . In accordance, str. Cad16 T grew in the dark with thiosulfate and 5% O 2 in vitro [41] . Interestingly however, we found only 602
SoxXY and SoxB and no TsdA thiosulfate-oxidizing enzyme homologues encoded in 603 the str. Cad16 T genome [52] . As the complete Sox-complex is essential for the complete 604 thiosulfate oxidation to sulfate in A. vinosum DSM 180 T [65], str. Cad16 T possibly uses 605 an alternative mechanism. One alternative may be thiosulfate uptake through CysTWA 606 whereas 2D-DiGE is limited to a chosen subset, based on the relative intensity and size 628 of the protein spots on the gel. Therefore, we could quantify as much as 663 proteins 629 that are 12× more than in the former study. Nevertheless, the number of unique proteins 630 with different abundance between the two growth conditions was comparable, with 62 631 in our study versus 37 in the former, respectively. Interestingly, we retrieved only 28 of 632 these proteins in the constantly expressed fraction of the proteome.
In addition to technical differences, the former study was performed in vitro under an 634 anaerobic atmosphere, with higher light intensities (6 µmol m -2 s -1 ) and at 20 °C, which 635 may have an influence on metabolic rates and relative activity. In conclusion, the results 636 of the present study can only be compared to some extend with previous findings. 637
638
The photosynthesis apparatus was abundant in both growth conditions, as several LHC 639 proteins were detected. In accordance, also the enzymatic pathway for BChla and 640 carotenoid synthesis was expressed. In T. roseopersicina BChla was absent at 641 prolonged exposure to 60 µM O 2 in darkness [68] . In contrast, for str. Cad16 T we did 642 not observe a loss of pigmentation. This might suggest that BChla was not regulated on 643 expression level and/or the micro-oxic conditions did not influence BChla biosynthesis. 644
The central role of dissimilatory sulfur oxidation during photosynthesis is well 645 established for PSB [69] and proteins involved were found expressed in str. Cad16 T . 646
The proteins Sqr, Dsr and Sat were present and SGBs were also observed 647 microscopically in both conditions. The CBB cycle is central in purple bacteria, not 648 only for autotrophic carbon fixation, but also to regenerate the pool of reduced co-649 factors NAD[P]H 2 [70] . During light conditions, both chemotrophic and phototrophic metabolism compete for 684 electrons in str. Cad16 T . We also found evidence for glycolysis / gluconeogenesis since 685 GPI was overexpressed. Interestingly, the glycogen synthase GlgA was additionally 686 found abundant in the light. Glycogen synthesis and sulfur oxidation was found to be 687 ineffectively regulated in A. vinosum [75] and we might speculate that in str. Cad16 T 688 both processes are highly active even at slow growth, allowing for both, intracellular 689 sulfur and glycogen accumulation. Altogether, these results indicate an active 690 phototrophic and chemotrophic metabolism competing for electrons in the light. 691
692
In the dark, the micro-oxic condition may have led to the production of reactive oxygen 693 species in str. Cad16 T that would explain the upregulated proteins involved in stress 694 induced damage-control. 695
Interestingly, AprA was more abundant in the night period, indicating a relative higher 696 activity of sulfite oxidation possibly coupled to chemotrophy. SGBs are consumed 697 under dark autotrophic conditions in PSB C. okenii and C. minus observed in vitro [12] , 698 however the side scatter values measured did not vary between the two sample groups 699 in this study when monitored with FCM. This may be due to glycogen and PHB storage 700 inclusions, structures that add up additional structural complexity and de-701 polymerization kinetics may be different to those of SGB. Supporting evidence is given 702 by the unchanged presence of enzymes involved in of glycogen and PSB synthesis. 703
704
In summary, the 60 proteins found differentially expressed represent only about 1% of 705 all protein coding CDS and about 5% of the identified proteins. Therefore, their impact 706 on metabolic pathways is unclear and has to be further examined 707 has also not yet been elucidated in Lake Cadagno and therefore a sequential size 723 dependent fractionation of sub-samples would be interesting. In order to further 724 understand transcriptional control over the light to dark metabolism also mRNA 725 sequencing experiments would be needed. To complete the understanding metabolomic 726 studies would give insight into the relative amount of metabolic intermediates produced 727 under different regimes. We further observed a large variability in the C-uptake rates 728 between different studies that cannot be readily explained by differences in the 729 
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